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High-Accuracy, High-Dynamic-Range Phase-Measurement System
Phase differences can be measured to within a microcycle.
NASA’s Jet Propulsion Laboratory, Pasadena, California

A digital phase meter has been de-
signed to satisfy stringent requirements
for measuring differences between
phases of radio-frequency (RF) subcar-
rier signals modulated onto laser beams
involved in the operation of a planned
space-borne gravitational-wave-detecting
heterodyne laser interferometer. The ca-
pabilities of this system could also be
used in diverse terrestrial applications
that involve measurement of signal
phases, including metrology, navigation,
and communications. The capabilities
of this system include:
• Accuracy to within a millionth of a

cycle (greater than the accuracy of any
prior phase meter); 

• High dynamic range of phase (limited
only by numerical capabilities of a sup-
porting computer); 

• Wide input frequency range (≈10 kHz
to ≈20 MHz), 

• Maintenance of accuracy even when the
frequency of a signal slews by as much as
700 kHz/s within this range; and 

• The ability to distinguish and measure
multiple tones on the same carrier
with undiminished accuracy. 
In the operation of this system, two RF

modulated laser beams interfere on a
photodiode; their frequency difference
results in a RF heterodyne signal. The

RF signal output by the photodiode is
digitized at 40 Mega-samples/s, then fed
into a field-programmable gate array
(FPGA). The digitized heterodyne sig-
nal is split and multiplied by two ad-
justable local oscillators (LOs), which
separates the signal into in-phase (I) co-
sine and a quadrature phase (Q) sine
components. During stable operation at
a small phase difference between the RF
and LO signals, the Q multiplier output
includes a low-frequency component
proportional to the phase difference.
This phase-difference output is used to
update the LO frequency (and, thereby,
the LO phase) to keep the local oscilla-
tors locked to the incoming signal. The
tracking loop updates the LO frequency
every 0.1 ms.

While this makes for a stable digital
phase-locked loop, to achieve the de-
sired micro-cycle phase accuracy, the
residual phase-tracking error is com-
bined with the LO phase. The residual
phase difference is computed as the arc-
tangent of the ratio between the Q and I
signals, filtered appropriately, and
added to the phase used to update the
local oscillators.

For transmission to ground, the phase
measurements are decimated from 40
MHz to the frequency-and-phase-update

rate of 10 kHz, then again to a final out-
put rate of 100 Hz. To suppress aliasing
of noise in the signal band from 1 mHz
to 1 Hz in the decimation from 40 MHz
to 10 kHz, an anti-aliasing filter is ap-
plied prior to decimation. After the re-
construction of phase at 10 kHz and
prior to the final decimation to 100 Hz,
another finite-impulse-response anti-
aliasing decimation filter is applied. The
characteristics of the antialiasing filters
are tailored to the phase noise of the
input signal.

This work was done by Daniel Shaddock,
Brent Ware, Peter Halverson, and Robert
Spero of Caltech for NASA’s Jet Propulsion
Laboratory. Further information is contained
in a TSP (see page 1).
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An apparatus has been designed and
built for testing the effects, on moder-
ate-sized objects, of cushioned deceler-
ations having magnitudes ranging up to
several hundred g [where g = normal
Earth gravitational acceleration (≈9.8
m/s2)]. The apparatus was originally in-
tended for use in assessing the ability of
scientific instruments in spacecraft to
withstand cushioned impacts of land-
ings on remote planets. Although such
landings can have impact velocities of

20 to 50 m/s, the decelerations must
not exceed a few hundred g.  This re-
quires the deceleration to occur over a
distance of as much as 50 cm in a time
of tens of milliseconds.  This combina-
tion of conditions is surprisingly diffi-
cult to simulate on the ground.  The ap-
paratus could also be used for general
impact testing.

The apparatus is simple to build. Rel-
ative to drop-tower apparatuses that
could produce equivalent impacts, this

apparatus is very compact. This appara-
tus is also relatively safe to operate be-
cause its design inherently prevents the
object under test or any debris from ac-
cidentally striking persons or equipment
in the vicinity.

The apparatus (see figure) includes a
steel pipe having an inside diameter of
20 cm and a length of 216 cm. A light-
weight polyethylene piston carries the
object under test. The piston is sealed to
the inner wall of the pipe by means of a

Simple, Compact, Safe Impact Tester 
Cushioned impact decelerations up to hundreds of normal Earth gravitation are easily produced. 
Ames Research Center, Moffett Field, California
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